The effect of salts of organic acids on washed and non. washed chloroplast membranes during freezing was investigated. Thylakoids were isolated from spinach leaves (Spinacia oleracea L.) and, prior to freezing, salts of various organic acids or inorganic salts or both were added. Freezing occurred for 3 to 4 hours at -25 C. After thawing membrane integrity was investigated by measuring the activity of cyclic photophosphorylation.
Depending on their physiological status, freezing of potentially hardy plants may or may not lead to death. The question arises as to the reason for cell damage or survival of cells exposed to subzero temperatures. If temperature drops below the freezing point, ice formation in the tissue occurs, but under natural conditions only in the intercellular spaces (18) . Icecrystal growth takes place at the expense of cellular water. Therefore, ice formation is accompanied by dehydration of the cells. Dehydration, on the other hand, causes an increase in the concentration of soluble cell constituents, such as inorganic salts, sugars, organic acids, amino acids, and others. As has been well documented, high concentrations of electrolytes cause an inactivation of biological membranes (20, 23, 26, 28, 31) . Heber and Santarius (10) found that freezing results in an irreversible uncoupling of phosphorylation from electron transport in chloroplasts and mitochondria. Soluble enzymes were not affected by freezing, dehydration, or high concentration of electrolytes (6, 10, 26, 27) . Therefore, inactivation of biological membranes during freezing seems to be the primary cause of frost damages (5, 21, 22) .
Plants which survive temporary freezing must be able to protect the frost-sensitive membranes during the freezing process. This is achieved during hardening by the synthesis of protective compounds such as sugars (13) , sugar alcohols (29) , and soluble proteins (4, 6-9, 14, 15, 30) . As shown in in vitro experiments, these compounds are able to protect isolated chloroplast and mitochondrial membranes during freezing so that inactivation of photophosphorylation and oxidative phosphorylation does not occur (2, 6-11, 25, 27) .
It was shown in previous papers (26, 28 ) that electrolytes inactivate isolated thylakoids even at 0 C. Inactivation is a function of concentration and exposure time. Inorganic salts such as NaCl, KCl MgCl2, and others are effective at relatively low concentrations; salts of organic acids are effective only when present in relatively high concentrations (26) . In the present paper the effect of organic acids on thylakoid membranes under freezing conditions is subjected to detailed analySiS.
MATERIAL AND METHODS
Mature leaves of spinach (Spinacia oleracea L.) were harvested directly from the field or were bought at the local market.
Chloroplasts were isolated in isotonic NaCl as described earlier (10, 27) . After isolation they were suspended in distilled water which resulted in osmotic rupture. Freed thylakoids were then used either directly (nonwashed thylakoids) or used after two washings in distilled water to remove stroma proteins and most of the salts, sugars, and amino acids which remained in the chloroplasts during isolation (washed thylakoids). The washings were carried out in a Beckman-Spinco L-50 centrifuge, which was operated for 5 min at about 24,000g (first washing) and for 15 min at about 38,000g (second washing). Chloride concentrations in the suspension of the washed thylakoids ranged from 1 to 3 mm. Further washings with distilled water were not performed as they drastically reduced, together with the salt content, photophosphorylation activity (12) .
After isolation the membranes were incubated in solutions of inorganic salts or salts of organic acids which were held at neutral pH for about 15 min at 2 C. Thylakoids were then either stored at 0 C for 3 hr or rapidly frozen (within a few minutes, cf. 28) to about -25 C, kept at that temperature for 3 to 4 hr, and then thawed in a water bath at 20 C. Subsequently, integrity of the membranes was checked by measuring the activity of cyclic photophosphorylation. Aliquots of the thylakoids containing 60 to 80 pg of chlorophyll were trans-ml, pH 7.8. Illumination was provided by two incandescent lamps (Radium 500 w, 15,000-20,000 ft-c, 2-3 min), and controls were kept in the dark. After illumination 0.13 ml of trichloroacetic acid was added and P, uptake was determined according to Fiske and SubbaRow (3) . Results were expressed on a chlorophyll basis; chlorophyll was determined according to Arnon (1) . It (8, 10, (25) (26) (27) . Addition of sugars, for instance, sucrose in a concentration of 0.1 M or more prior to freezing, protects the membranes against freeze inactivation (10, 25) .
The effect of freezing on nonwashed thylakoid membranes in the presence of 0.1 M NaCl and various concentrations of sodium or potassium salts of different organic acids is demonstrated in Figure 1 (Fig. 1, b and c) . At higher concentrations, adverse effects may predominate ( Fig.  1 a) Fig. 1 ). Above 0.5 M, protection by the organic salts decreased with increasing concentration. Figure 3 shows another aspect of membrane response towards freezing in the presence of electrolytes. Membranes were suspended in 0.1 M sucrose, which prevents inactivation during freezing in the absence of other additions. However, with increasing amounts of NaCl also present, progressive membrane inactivation is observed. Essentially similar results are obtained in the presence of organic salts, with the only difference that concentrations higher than those of NaCi are required to overcome the protection afforded by sucrose. Acetate is least toxic on a molar basis; succinate is most toxic. This is also evident from Figure 2 .
From a comparison of Figures 1, 2 , and 3, it follows that a salt such as NaCl needs to be present in a thylakoid membrane suspension for some salts of organic acids to realize their potential for membrane protection during freezing. This is most pronounced with succinate ( Fig. 1) , which in the absence of added NaCl is not protective (Fig. 2) or even quite toxic (Fig. 3) , but it is also true for tartrate and citrate and even for pyruvate and acetate. In a more detailed analysis of this effect, nonwashed thylakoids were frozen for 3 hr at -25 C in the presence of 0.1 to 0.7 M NaCl and different amounts of sodium succinate (0 to about 0.5 M). After thawing, cyclic photophosphorylation was measured in a reaction medium of constant composition at a low salt level. The higher the NaCl concentration the more succinate had to be present to prevent thylakoids from being inactivated by freezing (Fig. 4a) . At a given concentration of NaCl, the effect of succinate as a function of concentration follows an optimum curve. Optimal protection of nonwashed thylakoids is observed at a molar ratio of succinate to chloride of 1:2 to 1: 3.
The effect of low levels of NaCi on protection against freeze inactivation by succinate can be tested with washed thylakoids (Fig. 4b) (Fig. 3) . Even though sucrose was maximally effective under the chosen conditions, it was less protective at low concentrations than succinate combined with 0.1 M NaCl or KCI. Succinate alone was not only not protective but even increased damage to the membranes during freezing (cf. Figs. 1 and 2 ).
The chlorides of bivalent cations also cause succinate to act over a limited range of concentration as a protective agent (Fig. 6) . The concentrations needed for this are lower than in the case of alkali ions (cf. Fig. 5 and Fig. 6 ).
Not only the cations are interchangeable. Figure 7 shows an experiment in which NaNO3 in combination with sodium succinate was added to washed thylakoids prior to freezing. Again, within a given concentration ratio between inorganic salt and succinate, photophosphorylation was protected during freezing. As compared with NaCl, NaNO, is effective at considerably lower concentrations (cf. 26) .
In Figure 8 Obviously, protection of membranes by organic salts requires, or at least is aided by, the presence of other electrolytes even though these may be toxic if applied alone. Furthermore, enhanced protection is observed only within a certain ratio between the different electrolytes. In previous investigations it was found that the rate of inactivation of thylakoid membranes in the presence of a given concentration of NaCl and different concentrations of sucrose at 2 C decreases with increasing sucrose concentration (26) . Thus sucrose was protective even in the absence of freezing. In Figure 9 an experiment is shown in which nonwashed thylakoids were suspended at 0 C in NaCi solutions of various concentrations in the presence of different amounts of sodium succinate or sucrose. After 3 hr, cyclic photophosphorylation was measured in a reaction medium of con- centration of the toxic NaCl during freezing so that the NaCl concentration did not reach the critical limit.
Similar considerations apply also to the thylakoid system. Freezing of thylakoids in the presence of NaCl results in membrane inactivation. The addition of a compound which is not toxic at higher concentration, such as sucrose or acetate, decreases the NaCl concentration during freezing at any one temperature. If sufficient sucrose or acetate are added prior to freezing, the NaCl concentration remains below the critical limit during freezing and inactivation does not occur. The same could even be possible when different salts are combined which alone are toxic in the absence of other compounds provided their mode of membrane inactivation is different.
If in the presence of only one potentially toxic compound during freezing the tolerance limit is exceeded, membrane inactivation will be observed. Freezing in the presence of a second, also potentially toxic compound to the same temperature will produce the same total concentration in the unfrozen part of the system. However, individual concentrations of the two toxic components are different. If both of them do not reach the toxic level, protection will be observed. These relations explain part of the observations reported above. Figure  4 shows that membrane protection during freezing in the presence of succinate and NaCl is only observed within cer- x-at 0 C. In Figure 9 it was shown that succinate and sucrose were able to protect thylakoid membranes from inactivation by high concentrations of electrolytes, e.g., NaCl at 0 C. Con- (Fig. 8 ).
Some observations, while not contradicting the colligative concept, cannot be explained by it, and it appears necessary to invoke additional effects. Figures 1, b (Fig. 1 a) . Similar observations tion in ,umoles of Pi uptake per mg of chlorophyll per hour after have also been made in other cases. salt treatment.
